In recent years solar-thermal methods of waste biomass conversion are promptly gaining on attention. For researchers working in areas that suffer from lack of natural solar power, the choice of proper solar simulator for the study is crucial. Solar simulator consist of artificial light source enclosed in proper housing with optical and cooling system, powered by dedicated power supply. Solar simulators are not only granting independence from external conditions, yet provide possibility of research expand due to tuneable output power and emissive spectrum. Over the years, solar simulators were powered by different types of lamps. Throughout the history, the solar simulators were used mainly in photovoltaic and space research, crystal growth industry, and the material testing. For mentioned purposes, the total thermal output power of simulator was playing secondary role in comparison to urgent need of spectral match, irradiance distribution and beam uniformity with terrestrial or extra-terrestrial sunlight. For thermal applications, solar simulators are facing the challenge of providing high output power, described by high radiant heat flux and high heat flux density over the specified target area. In presented paper the comparison of xenon arc, metal halide lams and tungsten halogen for thermal applications has been presented with emphasis on available thermal power, spectral match with natural sunlight and operational issues. The course of decision taken during the selection of artificial light source for construction of laboratory-scale solar pyrolytic reactor is proposed.
Introduction
In 2016 almost 80 % of world's final energy consumption is still provided by fossil fuels utilization, continuously diminished by rising growth rate in modern renewables. Increase in renewable energy deployment continued in 2017, especially in power sector, thanks to: increasing access to finance, global concerns about energy security, human health and the environment, growing energy demand in young and developing economies, urgent need for emission-free electric energy and clean cooking facilities and dedicated policy initiatives and support for ambitious targets [1] .
Biomass thermal conversion methods provide wide range of renewable fuels from low-calorific biomass, yet requires significant amount of heat necessary to carry out the reaction: gasification, torrefaction or pyrolysis. Typical biomass combustion methods are perceived as carbon-neutral technology, due to neutral CO 2 balance of the process [2] . Plants assimilates carbon from the atmosphere during the photosynthesis in form of CO 2 , which is later released during the combustion process. Basu in 2010 [3] extended carbon-neutral term for biomass technology, claiming that plants during the combustion release CO 2 absorbed only recently, thus thermal biomass processing does not add any CO 2 to Earth's inventory. On the other hand, when comparing speed of the CO 2 assimilation during photosynthesis and plant growth processes with speed of combustion on top of cumulative carbon footprints connected with biomass transport and processing, above mentioned thesis seems to be arguable.
Biomass thermal conversion methods
The goal of biomass thermal conversion methods is to produce renewable fuels from low calorific, waste organic matter. The conversion can be proceeded in several ways, where the most popular are: gasification, pyrolysis and torrefaction. Gasification is the process of converting a solid fuel into a gas by treating the solid fuel in a generator with oxygen, air, or steam [3, 4] . The heating value of the gas after gasification, being the mixture of CO, H 2 , and lower hydrocarbons, varies around a value of 4 MJ·m -3 [5] . Pyrolysis can be defined as the thermal degradation of carbonaceous materials in oxygen-free atmosphere [6] [7] [8] [9] . During pyrolysis always three products are produced: pyrolytic oil, gas and char. Numerous pyrolysis studies proved that pyrolysis process parameters, like temperature and heating rate, dictate the final product yields [10] . Generally the lower the energy supply, the higher the solid fraction yield with the lowest decomposition rates. The higher the temperatures and especially heating rates, first the more liquid and eventually gaseous fraction yields are denoted [10] . Torrefaction is low-temperature pyrolysis, which aims for biomass pre-treatment (upgrade) [11] . Low temperatures and heating rates prevents feedstock from intense decomposition in order to achieve dry, stable, more homogenous and hydrophobic solid torrefied fuel. The main clue why torrefaction is separated from pyrolysis is the process destination and ideology. While pyrolysis goal is to release the most of energy from biomass, the aim of torrefaction is to keep, upgrade and expose its energetic potential. Solar application of mentioned processes opens up the possibilities of storing solar energy in the form of usable chemical energy of post-process products, with no greenhouse gasses (GHG) emissions, due to emission-free nature of the concentrated solar power (CSP) and significantly lowers the heat acquisition cost.
Solar radiation spectrum

Blackbody radiation
During the discussion of thermal radiation, the concept of blackbody is very convenient. The blackbody is an theoretical, idealised object, with perfect absorption and emission of radiation, regardless of wavelength and radiation incident angle [12] . The sun can be considered as a blackbody radiator at a temperature of 5777 K, which can be approximated to 5800 K [13] . In 1900, Max Planck found an elegant equation (eq. (1)) interpolating Wien approximation and Rayleigh-Jeans law, presenting the blackbody radiance as a function of wavelength λ and temperature T [12]: 
Solar radiation spectrum
Solar radiation emissive spectrum consist of wavelenght from 250 to 2500 nm ( Fig. 1 ) with spectral distribution maximum in visible light regime. The actual solar spectrum differs from a blackbody radiance at 5800 K because of absorption in the cool peripheral solar gas ( Fig. 2) [15] . At ground level, the shape of the natural sunlight spectrum depends on different atmospheric parameters, such as water vapour, ozone, carbon dioxide, and clouds among others [13] . In order to simulate the radiation pass through atmosphere layers, the air mass, AM, coefficient has been determined. For the radiation incident angle θ [°], close to the normal to the Earth's surface, the AM coefficient is given by:
= cos (2) Above mentioned formula (eq. (2)) is accurate in narrow range of θ, approximately up to 75°. To simulate the radiation path through thicker layers of atmosphere, Kasten and Young [16] proposed more complex equation for AM coefficient calculation near the horizon: 
Solar simulator versus artificial light source
The application and design of solar radiation sources falls into two main classifications, non-concentrating, uniformly distributed solar simulators used mainly in the testing of photovoltaic (PV) cells and solar hot water collectors and high flux concentrators used to generate high temperatures exceeding 1000 °C [17] .
The solar simulators used for simulation of daily normal irradiation (DNI) are classified in order to spectral distribution, beam uniformity and temporal stability (according to the IEC 60904-9, ASTM E927 & JIS C8912 standards) [18] . The grades are awarded in presented order for each parameter, based on the deviation of offered parameters from standardized values. The best match is awarded with grade A, while the poorest is granted with grade C. The better the match, the higher the grade e.g. best match is granted with AAA, for simulators with worse beam uniformity ABA or ACA accordingly. Proper terrestrial solar simulators are designed to produce stable 1000 W·m -2 radiant flux, which is internationally standardized as 1 sun [19] .
Solar devices used for studies that demand high temperatures at the target area and high radiant fluxes, are usually called light sources. The differentiation has been made due to omission of American Society for Testing and Materials (ASTM) standards, mainly because of intense radiation concentration, high output power, poor beam uniformity, and secondary approach to spectral match. The output power of artificial light sources, depending on design, can vary from 2 to 10 000 suns [11] . In mentioned devices, the lamps are crucial factor influencing final device performance [14] .
With that introduction it is clear that devices suitable for investigation of solar-thermal biomass conversion are high-power artificial light sources. Actually, solar simulators supported with proper radiation concentration device e.g. parabolic-through collector, parabolic dish or a set of mirrors could provide satisfactory radiant heat flux to carry out the reaction, however radiation concentration methods will be discussed in another paper.
Light sources characterization
Commercially available light sources consists of the lamp, being the heart of whole device, housing containing reflector, optics and cooling system, and finally the power supply [20] . The aim of this paper is comparative review of popular lamp types for high-powered light sources with secondary approach to the rest of the equipment.
In this study, the comparison of xenon, metal halide lamps and tungsten halogen will be presented. Each of mentioned lamps differs in terms of emissive spectrum, irradiance distribution, luminous efficiency and operational issues. Choice of final lamp type for declared research goal is crucial part of whole planning progress. Fig. 3 . Emissive spectrum range for three presented lamp types: quartz tungsten halogen, metal halide and xenon arc lamps
Quartz tungsten halogen
Quartz tungsten halogen is much cheaper than arc-type and efficient lamp, with spectral characteristics quite similar to natural sunlight [21] . Halogen lamps were widely popular in commercial use of the last decades e.g. for domestic and urban illumination or in the car industry. Nominal power of commercially available tungsten halogen lamps varies from 1, 10 to 1000 W. Despite some of the spectral differences with natural sunlight, tungsten halogen found use in numerous solar thermal research applications [13] . Pozzobon et al. [22] presented study of experiments and modelling of wet wood decomposition. Proposed image furnace was powered by 750 W Tungsten halogen with two parabolic mirrors.
Lamp construction
A halogen lamp is a type of incandescent lamp, where a tungsten filament is surrounded by halogen gas in the form of bromine or iodine, heated with an electric current ( Fig. 4) [14] .
Burning of tungsten filament is simple and stable process, the lower the electric current, the lower the filament temperature and its emissive power. This fact provides major advantage of halogen-type lamps over arc lamps, being the simplicity of emissive power control in wide range, just with adjustment of the power supply. Simplicity of construction and low requirements for power supply, allow to easily arrange halogen lamps in multi-filament light sources to provide more output power. Kongtragool et al. [23] arranged 4·1000 W tungsten halogen lamps to power gamma-configured Stirling engine. Total maximum solar input power has been estimated at 1378 W, with heater temperature of 439 K. Fig. 4 . Tungsten halogen lamp structure [13] Tungsten halogen emissive spectrum Tungsten halogen lamps provide smooth emissive power distribution with colour temperature of 3400 K, with emissive maximum shifted towards infra-red (IR) regime, with lower ultra violet (UV) range [24] . Quartz tungsten halogen, presents smooth and stable spectrum in visible and near IR with very little UV regime. It can be said, that the lower the halogen nominal power, the shorter the UV emissive range.
Xenon arc lamp
Xenon arc lamps can be found in most of today's high-power light sources for biomass conversion research reactors, due to close matching natural sunlight with intensity and spectrum [25] . Boutin et al. [26] presented image furnaces for flash pyrolysis of biomass, powered by 5 kW xenon arc lamp with two parabolic mirrors. Gronli [27] investigated intermediate pyrolysis of single biomass pellet with direct sample heating by xenon arc lamp radiation. Lede [28] investigated ablative pyrolysis of biomass particles with xenon arc lamp, as a source of high-density heat flux in image furnace. With proper arrangements and concentration method, xenon lamps can easily produce incident heat fluxes as high as 10 6 -10 7 W·m -2 inside the focal point.
Lamp construction
Xenon arc lamp is typical example of discharge lamp. In presented lamp type, the source of radiation is the ionized xenon arc. Quartz bulb contains xenon gas under very high pressure, up to 4 MPa (Fig. 5 ) [13] . Ignition of xenon arc demands very high direct current (DC) impulse (20 to 50 kV), with continuous care for stable power supply, in order to stabilize the arc and prevent any flicking or gleams. Once arc is formed, the lamp operates at lower voltages with higher electric current, reaching up to 50 A, emitting bright light with significant amount of emitted heat, so the need of cooling occurs. Cooling is usually carried out by forced convection of air or with cooling liquid system. Xenon arc lamps are highly energy-consuming, and demand stable and smooth characteristic of the supplied power, what leads to conclusion, that almost 50 % of total device cost stands for power supply only. Due to fragility of plasma arc, adjusting power supply parameters in order to regulate output power can vary between 70-100 % in order to provide stable plasma arc. Further regulation must be done with regulation of the focal point position, external shutters or air-mass filters to cut out some of the power from emitted spectrum. [13] Xenon arc lamp spectrum Xenon arc emits bright radiative flux (3000 cd for 1000 W lamp), that shows a good spectral fit with the natural sunlight, with colour temperature reaching 6200 K [21] . Presented lamps benefit from an excellent quality and stable spectrum in the UV and visible regimes. Their emission peaks in the IR range can be filtered if required [13] .
Metal halide lamp
In a metal halide lamp, the light is produced by an electric arc which is generated through a gaseous mixture of vaporized mercury and metal halide compounds under a high pressure, ranging from 1 to 3.5 MPa [13] . Metal halide lamps are commonly used in industrial illumination and they are still under development as light sources in high-powered light sources instead of xenon arc lights, whose tend to have high power consumption and high electronic driver costs [21] . Presented lamps has been a subject of numerous studies on solar simulators for photovoltaic studies, yet hardly powered any reactor for biomass conversion.
Lamp construction
The construction of metal halide lamp is somehow similar to halogen and xenon arc lamp as well. The idea is based on arc-lamp enclosed in outer bulb, mounted in one socket with two electrodes. Metal halide lamps ( Fig. 6 ) are perceived as efficient radiation source with long lifetime and low-risk exploitation. 
Metal halide lamps spectrum
The metal halide lamp is an artificial light source that emits a radiation spectrum that closely mimics that of natural sunlight. Metal halide emissive spectrum yields very close matching with natural sunlight in UV and near visible light regions, with colour temperature varying from 4000-6000 K, depending on the lamp construction [13] . The intense infrared energy spikes that xenon lamps emit require either forced air cooling for low wattage lamps or water cooling for higher powered lamps [17] . Table 1 lists technical parameters of presented lamp types. From operator's point of view, the crucial parameters are average life time of the burner, internal pressure, as the safety issue, colour temperature and finally conversion efficiency. Tawfik et al. [13] presented a comprehensive review of lamp types for solar-thermal applications. In his work conversion efficiency was expressed as a percentage ratio between radiant output power and nominal electrical power of the lamp. Table 2 lists some of the recently developed solar pyrolytic reactors, based on artificial light sources. Undeniably the most popular lamp type chosen by researchers is xenon arc lamp, with no denoted studies using metal halide lamps so far. Both tungsten halogen and xenon arc lamps provide good thermal performance for the biomass conversion process. In case of pyrolysis, presented artificial solar reactors proved reaching wide range of temperatures and heating rates covering slow, intermediate and flash pyrolysis technology requirements [29] . Incident heat fluxes listed in Table 2 are the product of lamp radiant power and radiation concentration method. The highest incident heat fluxes has been denoted for using elliptical mirrors and reflectors concentrating radiation on a single focal point [30, 31] . Figure 7 presents course of decision taken during choice of artificial light source for solar pyrolysis study. First, target area was specified with emphasis on high heat flux density at single focal point. Second, due to simulation of solar radiation, lamp emissive spectrum was taken into account. When crude lamp specification was established, numerous companies were contacted in order to discern the market and check lamps availability. For our study the best option was xenon arc light source with elliptical reflector focusing radiation at focal point with irradiated area of a circle with ½" diameter. 
Technical data
Conclusions
In presented paper, the review of artificial light sources for solar-thermal biomass conversion research applications. Authors of this paper faced the challenge of artificial light source choice, in order to design research stand for examination of solar pyrolysis phenomena. Into considerations were taken: spectral characteristics, radiant output power, availability and final cost. Virtually each type of presented lamp can provide high output power arranged into high-density heat flux. Presented examples shows, that artificial light based biomass conversion reactors are able to investigate solar pyrolysis, torrefaction or even gasification. Halogen type lamps are the best option for studies with secondary approach to radiation spectrum but with emphasis on stable output power regulation. Halogen lamps does not require sophisticated power supply, and can be easily arranged into multi-source devices with very high output power. Xenon arc and metal halides lamps due to operation of ionized arcs emits radiation with good spectral match regarding to natural sunlight. High output power requires dedicated power supply, what generates cost of final device. Due to lack of metal halide light sources commercially available, the choice had to make between tungsten halogen and xenon arc lamps. The urgent need of good spectral match with natural sunlight caused, that the xenon arc lamp sort out to be superior. Regarding metal halides, they are very promising lamps for future studies, based on their very long life time and the fact that some of them can put higher intensities of UV. Still, due to the lack of commercially available solutions based on metal halides, the xenon arc lamps seems to be the best option for simulation of high-power solar radiation. After consultancies with numerous companies, authors gained knowledge regarding to artificial light sources operational, safety, thermal and optical issues. In order to construct solar pyrolysis reactor, the decision fell on 1.6 kW xenon arc based, complete light source with ellipsoidal reflector, providing high density heat flux, up to 2.2 MJ/m 2 at the target area. The performance of the light source and designed reactor with solar pyrolysis study results will be discussed and presented in the future papers.
